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Solanum tuberosum L. is the world's most important non-cereal food crop, capable of
producing more food per land unit on less water than any other crop. Only rice, wheat, and maize
are produced in larger quantities than potato. The potato tuber, a modified stem turned storage
organ is nutrient dense and a staple in diets across the world. The potato crop is expected to grow
and contribute significantly to the global food supply. However, potato production has
increasingly been threatened by unfavorable environmental conditions, and susceptibility to pest
and disease. Perhaps the most famous of all the Irish Potato Famine caused by the oomycete
Phytophthora infestans. Constraints on potato production through abiotic and biotic factors have
been tackled through crop improvement or breeding programs. As a tetraploid crop, the potato
breeding cycle can take many years from conception to variety release. This process takes on
average,10 years to complete. This lengthy breeding cycle does not mean that traditional potato
breeding is unsuccessful, simply resource intensive. Due to the demands on available resources
caused by potato breeding cycles, some pest and pathogen resistances may not be incorporated
into commercial germplasm, which is further influenced by the amount of pressure the pathogen
exerts annually on the potato crop. The tetraploid nature of the crop and the ease of which tubers

can be obtained and shipped has led to a vegetative propagation system for seed tubers. Although
regulated through certification programs, diseases are still able to penetrate these proactive
cultural practices as was the case in, 2015 when there was an outbreak of Dickeya dianthicola
struck the Northeast potato growing regions in the U.S. and quickly spread throughout the
country because of limited control measures. A recently released variety from the University of
Maine Breeding Program, Caribou Russet, was shown to have tolerance to potato blackleg and
soft rot (PBSR) caused by Dickeya dianthicola strain ME30. In this work, an effective Dickeya
dianthicola isolate ME30 culturing method and inoculation workflow is established to repeatedly
and reliably phenotype for the potato blackleg soft rot resistance phenotype. Using this workflow
and a population of primary dihaploid Caribou Russet, the underlying genetic source of tolerance
observed at the tetraploid state is sought. This work provides a workflow to enable reliable
means of phenotyping PBSR resistance in Caribou Russet, as well as incorporating and
identifying PBSR resistance into future germplasm for potato breeding. Potato haploid induction
holds promise in revitalizing the industry through implementation of a true potato seed system
via a diploid potato breeding system. Potato haploid induction also allows researchers to
investigate the genetics of agronomically important traits in a setting with less complex epistatic
effects, and simpler segregation ratios. By leveraging haploid induction crosses in the cultivated
potato, the underlying genetic sources of tolerance to PBSR infection can be mined from the
potato genome. Dickeya dianthicola isolate ME30 characterization resulted in the creation of a
linear regression model which describes the relationship of optical density at 600nm to the
estimated colony forming units per milliliter of culture, as well as the identification of an optimal
inoculum concentration at which to vacuum infiltrate tubers for disease phenotyping. Subsequent
validation of this workflow occurred during the disease phenotyping experiment on a population

of primary dihaploid Caribou Russet. These data were then used for QTL mapping. QTL
mapping revealed no significant QTL. Nonetheless, a peak was detected along chromosome 6
aligning with previous published literature on PBSR resistance. Thus, suggesting that there is an
underlying genetic source of resistance within the primary dihaploid Caribou Russet gene pool.
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CHAPTER 1
LITERATURE REVIEW
Abstract of Chapter.
Solanum tuberosum, or cultivated potato, was first introduced to European society in the
16th century. Since its introduction, potato has spread from the New World to the Old and can be
found cultivated on nearly every continent. Ranking among the top food crops, potato is a staple
in many diets, and can easily provide sustenance as a nutrient dense storage organ. The United
States potato industry was valued at 4 billion dollars in 2020, and potato is expected to contribute
to about 6 percent of the global food supply by the year 2030. The widespread cultivation and
reliance on potato underpin the necessity of applying scientific methods to aid in the
improvement of the crop for increased abiotic and biotic stress resilience. Among the many
diseases and pathogens that constrain the growth of potato are Potato Blackleg Soft Rot (PBSR)
causative agents, a collective of pathogenic phytobacteria. Control measures for PBSR are few
and far between, with the primary method of control being avoidance. Some cultural practices
are in place to help limit the spread of all potato diseases, such as certified seed programs,
however these offer sporadic control, and do not guarantee the exclusion of pathogens. With
limited control options available commercially once disease has emerged in a field, PBSR can be
devastating both for the field and economically for the grower. PBSR resistance has been
observed, but resistance screening for PBSR is not typically implemented until late in
commercial cultivar development. To facilitate potato breeding efforts as well as the elucidation
of underlying genomic sources of agronomically important traits, potato haploid induction has
been leveraged to simplify the genome of tetraploid potato. Haploid induction is a promising
method to study traits with complex phenotypes from polyploid plants, such as potato, and may
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also offer a diploid breeding system to change how we think about improving potato breeding
practices.

1.1. Potato Blackleg Soft Rot Causing Pathogens

Pathogenic phytobacteria act as an important constraint to potato production worldwide,
largely due to their robust capacity to infect agriculturally important crops by inflicting loss
locally, regionally and globally (Tampakaki et al., 2009). One such persistent issue is Potato
blackleg soft rot (PBSR), a disease characterized primarily by vascular bacterial rot caused by a
class of pectinolytic pathogens belonging to the Pectobacterium and Dickeya genera (Ge, et al.,
2021). Pectobacterium and Dickeya have recently undergone taxonomic revision and once
belonged to the Erwinia genus, with the most predominant pathogens being Pectobacterium
astrosepticum, Pectobacterium carotovorum, and Dickeya spp. Ge et., al (2021) discovered that
Dickeya dianthicola is more virulent than Pectobacterium parmentieri while a review by Toth
et., al (2011) suggests that Dickeya spp. are more aggressive due to a number of traits conferring
a competitive advantage when compared to their Pectobacterium counterparts (Ge, et al., 2021;
Toth et al., 2011). Regardless of genera, these bacterial agents are Gram-negative and have a
wide range of possible hosts including other crop plants such as tomato and maize, as well as
ornamentals such as Dianthus spp., and Chrysanthemum spp. (Toth et al., 2011). Aiding in the
success of Dickeya spp. pathogens is a complex life cycle evolved to avoid plant receptor
detection and geared towards reproductive success as facilitative, necrotrophic anaerobes
(Charkowski, n.d.; Czajkowski, 2011; Hugouvieux-Cotte-Pattat, 2016).
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Unlike many of the fungal pathogens, PBSR pathogens lack the mechanisms to gain
mechanical entry into the plant. Rather, they generally gain entry into the plant through the
mother tuber lenticels, but alternative entry routes include the stolen end, and/or wounds. PBSR
pathogens are also capable of colonizing potato roots or progeny tubers (Lyon, 1989; Toth et al.,
2011). For Dickeya dadantii and some Pectobacterium spp., movement through insect vectors
has been documented as well as through aerosol particles (Czajkowski, 2011; Hugouvieux-CottePattat, 2016: Insinga et al., 2021). PBSR transmission can also occur through surface water, with
multiple accounts of PBSR pathogens being isolated from surface water sources (Czajkowski,
2011; Hugouvieux-Cotte-Pattat, 2016; Laurila et al., 2008; Perombelon, 2002). However, the
most prominent transmission route is through seed potato and their trade, especially between
European countries as seed potato trade is greater in this region (Ma et al., 2018; Perombelon,
2002; Toth et al., 2011). PBSR pathogens possess quorum-sensing abilities, which allows them
to initiate virulence only after a critical number of cells have proliferated (~10 7 cells/gram)
within the plant's intracellular spaces (Chung et al., 2017; Czajkowski, 2011; Perombelon, 2002).
Many of the PBSR pathogens are not able to survive without host tissue for longer than six
months and do not overwinter in soil (Czajkowski, 2011; Hugouvieux-Cotte-Pattat, 2016).
However, due to quorum sensing or unfavorable conditions in the field asymptomatic infection is
possible, with subsequent losses occurring post-harvest in the form of storage rot (ZimnochGuzowska et al., 2000).

Disease symptoms produced from the causative agents are virtually indistinguishable
from one another, relying mainly on molecular data to identify the causative agent responsible
for a diseased field (Czajkowski, 2011; Ma et al., 2018; Toth et al., 2011). PBSR disease
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symptoms are often split into two distinct categories: blackleg, which refers to the symptomatic
black stem rot that develops above the soil line on the basal stem of the plant, and soft rot, which
refers to the external and internal rot of the mother tubers. These disease symptoms do not
always appear together, which could be due to the causative agent that is present or simply
environmental conditions (Perombelon, 2002). Further, disease symptoms generally vary not
only in appearance but severity depending on climatic conditions (Czajkowski, 2011;
Perombelon, 2002; Pérombelon et al., 1989). Under temperate, moist conditions, blackleg is
more likely to appear, which is encouraged by the formation of persistent water film creating
anaerobic conditions within the interior of the mother tuber (Burton & Wigginton, 1970). These
anaerobic conditions disable many of the natural plant defenses, primarily targeting the detection
of pectinolytic pressure (Perombelon, 2002). The plant defense mechanisms which are still
operational are further leveraged by the bacteria, as the plant lowers internal pH pectinase
efficacy increases, thus liberating more nutrients for the bacteria to grow and infection to
continue (Hugouvieux-Cotte-Pattat, 2016). As bacterial populations increase within the plant and
intracellular spaces are exploited the pathogen will move passively through the vascular tissue in
the transpiration stream (Perombelon, 2002). It is the passive translocation of PBSR agents from
the rotting tuber to the stem that results in the development of the black stem rot, and where the
disease obtains its name, blackleg soft rot (Pérombelon et al., 1989). It is important to note that
development of disease symptoms, specifically soft rot, does not mean a sequential progression
to the development of blackleg. In fact, blackleg may never develop, and cultivars can vary in
terms of soft rot and blackleg incidence, suggesting that differences in tissue specific tolerances
to the disease or presence of features that limit the spread of the disease (Chung et al., 2017;
Perombelon, 2002). In drier, more arid environments the disease rarely progresses to complete
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rot of the mother tuber and is instead associated with greatly reduced or delayed field emergence,
plant wilting and desiccation, as well as reduced vigor and yellowing (Czajkowski, 2011;
Perombelon, 2002; Pérombelon et al., 1989).

Whole potato fields and harvest can be compromised and lost due to PBSR outbreaks.
However, the opportunity for hardship does not end with the growing season. PBSR can also
strike post-harvest as storage rot (Zimnoch-Guzowska et al., 2000). Post-harvest storage rot
occurs when latently infected or asymptomatic tubers are harvested from the field, combined
with optimal disease development conditions in storage such as inadequate ventilation, leading to
water film formation and thus encouraging the maceration of tuber tissue (Burton & Wigginton,
1970; Czajkowski, 2011). This not only leads to direct economic losses but creates the
opportunity for new inoculum sources to be created as tubers rot, break, and ooze the internal
bacterial-tuber concoction over the neighboring tubers in storage. This symptomatic spread of
the disease may go unnoticed, especially when symptomatic incidence is low, and if unnoticed
fresh inoculum sources could be introduced to the field as seed tubers, highlighting a pitfall in
the commercial potato industry with the use of vegetative propagation material or the seed tuber.
Seed potatoes give rise to increased risk of disease spread, and pose a challenge to disease
management. Despite targeted efforts at limiting the spread of disease with seed tuber trade, the
task is arbitrary when the pathogen requires molecular testing for identification of asymptomatic
or latently infected tubers, which are the primary source of inoculum. The transmission of
disease is intimately associated with the movement of seed tubers, as is evident in the widespread
geographic distribution of the pathogens (Ma et al., 2018; Perombelon, 2002; Toth et al., 2011;
Zimnoch-Guzowska et al., 2000a). This prolific PBSR disease cycle can be seen in Figure 1,
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symptom development is largely dependent on the environmental conditions that are present at
the time of planting and the specific pathogen responsible for disease (De Boer, 2004).

Figure 1. Potato Blackleg Soft Rot Disease Cycle (De Boer, 2004). Symptomatic Potato Blackleg Soft
Rot infection is represented by the presence of the black color in the figure. Asymptomatic Potato Blackleg
Soft Rot plant material is represented by the absence of the color black on the figure graphics (De Boer,
2004).

PBSR casual agents are globally distributed and found on every continent where host
plants grow (van der Wolf et al., 2021). In Europe, soft rot pathogens have been isolated from
fields and in some cases waterways since the mid 1970’s (Toth et al., 2011). For much of
Europe, the diversity of agents within potato growing regions correlates with the import/export
policy of the country, where in vitro plants are the primary import Pectobacterium atrosepticum
is the primary agent whereas more liberal imports of vegetive plant material leads to a high
diversity among the PBSR causing agents (van der Wolf et al., 2021). The emergence of Dickeya
6

solani in Europe has posed significant threats to potato growing regions since the early 2000s,
and has quickly become a prominent agent in disease outbreaks (Toth et al., 2011; van der Wolf
et al., 2021). Dickeya solani has not yet been detected in the North American potato growing
regions, likely due to the lack of seed potato exchange between these two continents (Curland et
al., 2021; Ge, et al., 2021). However, other Dickeya spp. have been isolated in North America,
including Dickeya chrysanthemi, Dickeya dianthicola, Dickeya dadantii and Dickeya zeae.
Dickeya zeae has only been isolated from water samples (Curland et al., 2021). Among the
different Dickeya species present in the North American potato industry, Dickeya dianthicola has
been implicated in a PBSR disease outbreak, with isolations occurring as early as 2014 (Curland
et al., 2021; Ge, et al., 2021; Ma et al., 2018). In the United States, prior to 2011, Dickeya
dianthicola had been only reported on ornamental host plants, with no isolations from potato
reported (Toth et al., 2011).

Dickeya spp. are broadly viewed as being among the most aggressive PBSR causative
agents, with adaptations that allow them to compete more effectively with other disease-causing
agents; such as the production of a diverse panel of cell wall degrading enzymes and the
initiation of disease at a lower quorum-sensing threshold than their Pectobacterium counterparts
(de Werra et al., 2021; Ge, et al., 2021; Hugouvieux-Cotte-Pattat, 2016). Most of the attention
within the Dickeya genus is focused on Dickeya dianthicola, formerly Erwinia chrysanthemi and
the recently isolated Dickeya solani. Currently, there are no reports of Dickeya solani isolation
from the North American potato-growing regions. As recently as 2014, reports of Dickeya
dianthicola isolation from the Northeastern U.S. began to appear, and in some instances as a
disease complex consisting of Dickeya dianthicola and Pectobacterium parmentieri (Ge, et al.,
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2021; Ge, et al., 2021; Ma et al., 2018). Dickeya dianthicola has been implicated in multiple
disease outbreaks across a variety of economically important species such as Kakanchoe in
Europe through the 1970s to 1980s, and is responsible for losses in potatoes in the Netherlands
and Switzerland from 1980-2000. Other major outbreaks of this pathogen have been reported in
Western Australia and the United States (Pédron et al., 2022). Low genetic diversity has also
been reported among Dickeya dianthicola isolates collected from potato, but more recent reviews
show a greater level of genomic diversity when isolates from Kalanchoe, Impatiens, and
Dianthus are also analyzed (Pédron et al., 2022). Despite this increased diversity, populations
within potato are nearly clonal suggesting a recent source of introduction into potato production,
but there are irregularities among some isolates suggesting multiple independent diffusion events
into potato production (Ge, et al., 2021; Pédron et al., 2022).

1.2. Status of Potato Blackleg Soft Rot in the U.S. Potato Industry

PBSR is to some degree innately present within the potato growing regions of the United
States, and has been reported early as 1930 (Leach, 1930). PBSR also appears to have been
implicated to some degree with reduced yields across potato growing fields in the 1980’s
(Powelson, 1985). Despite intermittent reports of PBSR presence in potato growing regions, the
primary causative agent in the North American potato industry is believed to be Pectobacterium
astrosepticum (De Boer, et al., 2004). As early as 2014, Dickeya dianthicola had started
appearing in isolations across the Northeast United States potato growing regions (Curland et al.,
2021; Ge, et al., 2021; Ma et al., 2018). Prior to 2014, Dickeya dianthicola had been only
reported on ornamental plants, with no isolations from potatoes reported (Toth et al., 2011).
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Specific data on crop losses are hard to come by as disease incidence is generally low. In the
Colorado seed potato industry, one which closely resembles the seed potato industry of Maine,
nearly 20 percent of seed lots were rejected due to visually detected PBSR symptoms in 2019
(Taylor et al., 2021). Due to the multiple dimensions of loss caused by PBSR, it can inflict
millions of dollars of economic loss annually (Campos & Ortiz, 2020).

In 2015, the Northeast potato growing region experienced the start of a severe epidemic
of PBSR which has inflicted crop loss and economic loss across growing regions. The outbreak
was noted as being more aggressive thus leading to genomic identification, and implicated
Dickeya dianthicola as the disease-causing agent (Jiang et al., 2016; Ma et al., 2018). Further
reports of PBSR outbreaks resulting from infection by Dickeya dianthicola appeared across
several states: Delaware, Maryland, Massachusetts, Michigan, New Jersey, New York, North
Carolina, Pennsylvania, Rhode Island, and Virginia (Ge, et al., 2021; Ma et al., 2018; Patel et al.,
2019). These states utilize a large portion of Maine seed potato imports, and rank among the top
ten importers of Maine seed potatoes with the exception of Michigan, and Delaware (Maine
Potato Board, Review of the Industry 2016). The high correlation between PBSR disease and its
seed potato vector suggested that this outbreak may have originated in Maine.

Genomic analysis revealed that D. dianthicola isolates can be discriminated into three
“types” largely based on the phylogeography of where the strains were isolated from (Ge, et al.,
2021). From these different types, it was found that the origin of type I isolates was associated
with Maine seed potatoes, as this type was continually isolated from Maine as well as other
states across the eastern seaboard. The other types of D. dianthicola isolated during the outbreak
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showed sporadic or no isolation from Maine potato fields. The sporadic or complete lack of
isolation of the other types of D. dianthicola suggest that more than one seed potato production
state may be implicated in the disease outbreak (Ge, et al., 2021; Ge, et al., 2021). The most
predominant type of D. dianthicola during the Northeast outbreak were type I strains, which are
unique to the U.S. and further displayed an, extraordinarily high homogeneity among isolates
(Ge, et al., 2021). Type I isolates of D. dianthicola are genetically distinct from type II and III,
housing two copies of the type IV secretion system, used by the bacteria for genetic material
transfer and effector uptake. Further differences between type I and II/III are the types of
secretions from the Type VI secretion system, suggesting a competitive advantage over the other
types of D. dianthicola found during the 2015 outbreak (Ge, et al., 2021). The homogeneity and
widespread distribution of type I isolates across the northeast potato growing regions, as well as
the continued isolation of type I isolates indicate that only one strain is responsible for the 2015
PBSR outbreak (Ge, et al., 2021; Ge, et al., 2021). The implication of type I D. dianthicola in the
PBSR outbreak of 2015 makes this strain particularly important. Isolate ME30, a type I D.
dianthicola, isolated from Maine Potato fields in 2015 at the start of the PBSR epidemic will be
used to investigate genetic control measures for PBSR disease, of which there are currently no
commercially viable control options either through chemical treatments or germplasm resistance.

1.3. Potato Blackleg Soft Rot Management and Resistance

PBSR is a devastating disease that causes significant losses upon its appearance, in part
because of the aggressiveness when conditions are favorable, and due to limited control
measures in the grower’s toolbox. Multiple approaches to the control of PBSR have been
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explored including cultural practices, biological controls, and integrated approaches involving
plant nutrition and plant resistance breeding (Czajkowski, 2011; Raoul des Essarts et al., 2016).
The most widely practiced measure in the North American and European potato industries are
seed certification programs (Czajkowski, 2011). These programs attempt to provide clean,
disease-free seed potatoes to growers. The seed potatoes will typically undergo visual field
inspections during their multiplication phase to ensure a disease-free crop and are generally
started from disease-free hydroponically or in vitro grown plant material. On occasion, molecular
techniques are used to screen for bacterial pathogens. Regardless, the success of these programs
is erratic in terms of consistent disease control, largely due to environmental factors which may
favor the development of large latent inoculum loads one year, and the next show little disease
emergence due to unfavorable conditions, the reverse of this is also possible, and without the
introduction of molecular techniques to screen for disease latent infection can go undetected
(Czajkowski, 2011). Further complications to disease management with seed certification
programs remain, if the disease-causing agent is not known then latent infection will not be
detected when molecular screening techniques are applied. This would have been the case in the
2015 Northeast PBSR epidemic, as this was the first report of Dickeya dianthicola being isolated
from potato in the United States, as discussed previously. Other cultural practices that are
encouraged by the industry for management are geared towards limiting the spread of the
disease. Such are rouging, or removal of early stage symptomatic plants and their progeny
tubers; sterilization of harvest equipment; and storage of seed tubers in wooden boxes to limit the
chance of bacterial inoculum spread through latent rot and bacterial load increase due to poor air
circulation (Czajkowski, 2011). Biological controls and effects of plant nutrition have been
explored as a means of disease management, and appear to have an effect on bacterial fitness but
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are not a reliable sole means of control (Czajkowski, 2011; Raoul des Essarts et al., 2016).
Physical and chemical treatments of the tubers, and plants also fail to produce straightforward
large-scale PBSR disease management, leaving growers relying on cultural practices
(Czajkowski, 2011). Hence, resistance breeding offers a viable alternative to supplement any
IPM system and overcomes the barricade to PBSR disease management that chemical and
biological controls have been limited by. Genetic sources for PBSR resistance has been observed
in wild Solanum relatives, and to some degree in highly tolerant Solanum tuberosum cultivars as
well.

Effective disease management conferred through resistance breeding generally relies on a
source of known immunity to the disease (Zimnoch-Guzowska et al., 2000). Commercial
cultivars with immunity to PBSR do not exist, but this trait has been observed in some wild
relatives such as Solanum chacoense, Solanum microdontum, and Solanum tuberosum Group
Phureja (Chung et al., 2017, 2017; Lebecka & Zimnoch-Guzowska, 2004; Ma et al., 2022). A
small cohort of commercial cultivars have been determined to be “highly-tolerant” to PBSR;
however, the mechanism of resistance is not known in these cultivars (Lyon, 1989; Tzeng et al.,
1990). Breeding efforts with highly tolerant cultivars have only been partially successful,
demonstrating an underlying genetic component of resistance (Czajkowski, 2011). Investigations
into the inheritance of resistance were conducted in the late 1970’s and early 1980’s, finding the
genetic component of variation correlated with the resistant phenotype. Further development of
this research found relatively high heritability values, suggesting that an underlying genetic
cause could be responsible for the tolerant phenotypes observed (Lebecka & ZimnochGuzowska, 2004). Significant specific combining abilities reported by Lebecka & Zimnoch-
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Guzowska (2004) indicate that additive gene interactions are important in resistance and thus
suggesting that PBSR resistance is likely a polygenic trait.

Quantitative trait loci (QTL) analysis performed in the late 1990’s elucidated the
presence of multiple chromosomal regions that were associated with resistant phenotypes. The
mapping population used was a diploid inter-specific cross containing Solanum tuberosum
Group Phureja in the pedigree, a known source of PBSR resistance (Zimnoch-Guzowska et al.,
2000). Among the most reproducible QTLs were Eca1A on chromosome one, which may be
linked to the self-incompatibility locus and Eca6A on chromosome two. These two regions are
anchored to genomic regions in tomatoes that house resistance genes to a variety of pathogens
(Leister et al., 1996). QTL analysis solidified the likelihood that PBSR resistance is a polygenic
trait which follows a complex pattern of inheritance (Zimnoch-Guzowska et al., 2000). Despite
the discovery of QTL within an interspecific population, the mechanism of resistance has not yet
been fully described.

Tolerance to PBSR among commercially available and produced cultivars is highly
variable. This variability is not just among individuals but among tissue types within individuals,
with notable differences in tolerance to tuber-born disease and stem/leaf born disease (ZimnochGuzowska et al., 2000). These differences are often attributed to environmental factors and/or
differences in the inoculation methods used to assess the different tissues (Lyon, 1989). Due to
the plethora of assessment methods, some resistance mechanisms have been discovered,
specifically within the Solanum chacoense M6 clone. M6 has displayed an exclusion-based
mechanism in the tuber, with lignification occurring around the area of rot, appearing to
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physically prevent the spread of the bacteria through the tuber tissue (Chung et al., 2017). Other
means of resistance demonstrated by the M6 clone include the use of secondary metabolites to
directly influence the quorum-sensing activity of PBSR pathogens, targeting bacterial
communication signaling molecules, which reveals a novel tactic of disrupting phytobacteria
communication, preventing virulence instead of containment and exclusion of the pathogen
(Joshi et al., 2021). Importantly, many plant defenses require an aerobic environment to properly
function, whereas the characteristic environmental conditions promoting PBSR disease outbreak
are anaerobic conditions. Thus, understanding of the resistance mechanism within potato can be
informed by plant defenses that are not impaired by anaerobic environments (Lyon, 1989).
Further mechanisms of resistance have yet to be described, likely due to the difficulty in PBSR
disease screening within tetraploid potato breeding programs.

Tetraploid breeding programs rarely screen for PBSR resistance, especially when
compared to other agronomically important pathogens and traits (Czajkowski, 2011). This is
partially rooted in the observed complexity of PBSR resistance. In addition, many of the studies
currently published investigate resistance in diploid interspecific populations, with highly
resistant wild potato relatives within the pedigree that makes is more difficult to integrate into
tetraploid potato breeding programs. An alternative method, presented here, is to shift focus
away from wild relatives and interspecific crosses to develop QTL markers from conventional
potato varieties that show a high degree of resistance to PBSR. Generating a mapping population
consisting of primary dihaploids derived from tetraploids can be used for linkage mapping
experiments to identify the genetic source of resistance (Jansky et al., 2016). One such cultivar is
the commercial variety Caribou Russet, released by the University of Maine Potato Breeding
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program in 2015 (Ekbataniamiri, 2020). The use of a primary dihaploid population derived from
Caribou Russet in search of QTL for PBSR resistance confers some benefits. A notable
advantage is the ability to assess the current state of the PBSR resistance landscape within the
current cultivated potato gene pool, which can be accessed with ease via conventional or diploid
breeding strategies.

1.4 Potato Haploid Induction and Potato Blackleg Soft Rot

Plant breeding at its core is the selection of beneficial or agronomically favorable traits
to improve the characteristics of the offspring (Bhargava & Srivastava, 2019). In theory, this
process appears simple and straightforward, but in practice can be time-consuming and difficult.
For instance, the cultivated potato Solanum tuberosum experiences breeding cycles upward of
ten years (Czajkowski, 2011). There are multiple challenges to overcome within potato breeding,
S. tuberosum is an autotetraploid crop (2n = 4x = 48) which is highly heterozygous, leading to
vegetative propagation of desired cultivars and have to bred by outcrossing (ManriqueCarpintero et al., 2018). These components contribute to the long breeding cycles as millions of
plants must be screened and assessed to identify acceptable traits for new potato cultivars
(Bonierbale et al., 2020; Jansky et al., 2016). To overcome the challenges presented by
traditional breeding, potato has been re-envisioned as a diploid, inbreeding, true seed crop,
achievable by leveraging haploid induction crosses (Hermsen & Verdenius, 1973; Jansky et al.,
2016).
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Potato haploid induction (HI) crosses are crosses which are performed between a haploid
inducer line derived from a diploid Solanum tuberosum Group Phureja as the pollen donor to
pollinate the tetraploid female flowers of cultivated potato Solanum tuberosum resulting in
diploid progeny derived from cultivated potato (Hermsen & Verdenius, 1973; Wilkinson et al.,
1995). Typically a triploid hybrid is expected but in HI crosses, the genome from the haploid
inducer is eliminated, and in this case the resulting diploids contain only the genome of their
maternal gametes (Wilkinson et al., 1995). Diploids derived in this manner are called primary
dihaploids. The Phureja HI line carries dominant anthocyanin markers that enables easy
identification of hybrid seed, on the basis of a dominant anthocyanin embryo spot which
signifies a hybrid seed (Hermsen & Verdenius, 1973). Non-spotted seeds are putative primary
dihaploids and are germinated to further assess their ploidy through plastid counting of the guard
cells and/or genetic testing (Sax, 1938). As cultivated potato is a tetraploid (2n = 4x = 48)
primary dihaploid plants derived from the haploid induction cross are diploid (2n = 2x = 24)
(Wilkinson et al., 1995). Although the mechanism of HI through genome elimination in Solanum
tuberosum still remain unknown, we are able to leverage this method to reduce the ploidy and
genome complexity from tetraploid potato for genetic studies (Jansky et al., 2016).

Primary dihaploid populations are an invaluable resource for genetic studies in potato,
which lay the foundation for identifying and mapping genetic traits (Crossa et al., 2017). The
reduction of ploidy from tetraploid to diploid creates simpler segregation ratios, allowing genetic
loci to be elucidated more easily than in tetraploid potato (Crossa et al., 2017; Jansky et al.,
2016). For instance, a bi-allelic single nucleotide polymorphism (SNP) under tetraploid
conditions can occur as one to four copies of either allele, making it more difficult to assign
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dosages during the genotyping phase (Watanabe, 2015). The variation in a phenotype based on
these dosages at a locus makes assigning trait values to germplasm difficult. For example,
tetraploids can have multiple resistance genes and thus the phenotype produced from these
dosages can be vastly different. Without clear differentiation between phenotypes, the
subsequent search for genomic regions or loci of interest for agronomically favorable traits such
as PBSR requires large mapping population sizes (Manrique-Carpintero et al., 2018; Watanabe,
2015). Leveraging haploid induction in tetraploid potato allows for a simpler genetic
background, which should theoretically make gene discovery less time consuming and
challenging. Under disomic conditions, a gene segregates with fewer allele dosages, as illustrated
in Figure 2.

Figure 2. Disomic versus tetrasomic inheritance patterns of a biallelic locus. The first arrow represents
the generation of a fully heterozygous individual under disomic (left) and under tetrasomic inheritance
(right). The second arrow represents self cross of the heterozygote and the resulting progeny from the
selfed population and their expected allele segregation and dosage ratios.
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In the diploid setting described in Figure 2, with allele configuration Bb, we observe
1:2:1 mendelian segregation of these alleles, with only three genotype classes when selfed. On
the other hand, under tetraploid conditions the BBbb heterozygote would exhibit five distinct
genotype classes (Figure 2). The segregation of traits and genome dosage forms the basis of
quantitative genomics, thus reducing the ploidy of the cultivated potato from tetraploid to diploid
allows the segregation of traits to be more easily distinguished, both phenotypically and
genotypically (Watanabe, 2015). The generation of primary dihaploid potato lines allow disomic
inheritance conditions to be leveraged to easily elucidate the cause of quantitative traits such as
disease resistance. Offering more of an advantage to traits that are traditionally difficult to score
phenotypically and thus make associations to genetic loci, such as PBSR tolerance in cultivated
potatoes.

A secondary benefit which arises through the production of primary dihaploids is the opportunity
to investigate traits prevalent within tetraploid populations, without introducing new genetic
material. For instance, previous work with PBSR gene discovery was performed with
interspecific crosses, allowing resistance to arise from the pedigree containing wild relatives (Ma
et al., 2022; Zimnoch-Guzowska et al., 2000a). In this case, we investigate the genetics of PBSR
resistance in the available cultivated potato gene pool without the need for backcross breeding.
Genome elimination offers a means to research valuable abiotic and biotic traits, and make
associations to their underlying genetic cause more readily, as well as a means to incorporate
these newly discovered traits in a more timely manner (Jansky et al., 2016).
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CHAPTER 2
DISEASE PHENOTYPING WITH DICKEYA DIANTHICOLA ME30, A CAUSATIVE
AGENT OF POTATO BLACKLEG AND SOFT ROT
Abstract of Chapter.
Potato Blackleg Soft Rot and its causative agents are important phytobacteria
constraining the production of potato as well as certified seed potato programs. Resistance
breeding offers a promising means to mitigate the loss caused by PBSR in the field and during
storage by limiting the spread of PBSR pathogens through asymptomatic seed pieces. Resistance
breeding for PBSR has long been challenging, due to the difficulty in obtaining reliable disease
phenotyping from plants, especially under field conditions. A review of the current literature
revealed a variety of inoculation methods and inoculum concentrations across the many
causative agents of PBSR. A unified framework for the assessment of disease resistance
following repeatable inoculation concentrations is the foundation of any resistance gene
discovery or assessment process. Using a Type I isolate of Dickeya dianthicola isolate ME30, a
growth curve experiment is performed in order to construct a growth model for ME30, which
relates the optical density of the inoculum to the colony forming units per milliliter. This
mathematical model can be used to calculate the starting colony forming units per milliliter of
culture and subsequently used for proper dilution of starting inoculum for consistent, repeatable
inoculum concentrations for phenotyping experiments. Using this growth curve model, a
multifactorial experiment was designed to understand what the optimal bacterial concentration
for disease phenotyping for Caribou Russet, a variety that exhibits resistance to PBSR. Our
analysis revealed a concentration of 2x107 CFU/mL was optimal for eliciting a statistically
significant disease resistance responses the Dickeya dianthicola isolate ME30.
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2.1. Introduction to growth curve analysis impacts and implications

Effective plant disease phenotyping begins with an understanding of the disease-causing
agent, specifically with regards to pathogens growth and optimal inoculation concentration for
subsequent disease phenotyping in the host plant. Pathogenic phytobacteria are among the most
important disease-causing agents in agricultural crops, partly attributed to their wide geographic
distribution, which imposes constraints on crop production, yield, and overall performance
(Tampakaki et al., 2009). Among these phytobacteria are the Potato blackleg and soft rot (PBSR)
causing agents belonging to the Dickeya and Pectobacterium genera. Each group consists of
gram-negative facultative saprophytic bacteria which affect a variety of crop and ornamental
plants (Hugouvieux-Cotte-Pattat, 2016; Ma et al., 2018). Among the afflicted crop plants,
Solanum tuberosum or the cultivated potato is severely affected by this disease due to low levels
of tolerance in commercially-available varieties (Czajkowski, 2011).

The lack of resistance breeding for PBSR is due to the generally low levels of infection
seen within the potato industry, as well as the complicated disease cycle that PBSR pathogens
display because the emergence of disease symptoms is highly dependent on environmental
conditions (Ma et al., 2018). Furthermore, effective resistance breeding, for any phytopathogen,
begins with effective evaluation of the resistance phenotype achieved through controlled
inoculation procedures as well as a clear understanding of basic phytopathogen growth and
infection. The evaluation of the PBSR resistance phenotypes in cultivated potato has gone
through many iterations. Among the notable methods is inoculation through vacuum infiltration,
originally developed in 1980’s as it allowed bacteria to be pulled into the tuber through the
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lenticels mimicking a more natural infection (Bain & Pérombelon, 1988). Many of the other
methods, such as stem injection (also known as stem poke) or tuber poke allow PBSR pathogens
direct access to the internal tissues and therefore risk bypassing important components of
resistance. Recently, it was demonstrated by Taylor et. al., (2021) that when vacuum infiltration
and stem injection results are compared to historic Colorado potato field data, vacuum
infiltration was more reliable in accessing the tolerant phenotype than stem injection. A second
challenge that is presented in reliably assessing potato tolerance to PBSR is the variation in the
inoculum concentrations used. Despite numerous publications investigating PBSR resistance,
consistent inoculum concentrations are not observed, leading to difficulty extrapolating
individual results to further research and cultivar development pipelines. Third, PBSR is difficult
to phenotype due to the large pool of causative agents. It is not known if resistance to one
causative agent provides resistance to all causative agents; it has been demonstrated that
resistance to Pectobacterium spp. and Dickeya spp. can occur as is the case in Solanum
tuberosum subsp. Andigenum and many of potatoes tuber bearing wild relatives (Czajkowski,
2011). Thus, leading to the need for a consistent resistance phenotyping workflow in order to
asses the current state of PBSR tolerance among cultivated potato varieties.

As recently as 2015, the PBSR pathogen Dickeya dianthicola had been isolated from
potato fields throughout Northeast America’s potato growing regions (Ma et al., 2018). Prior to
these isolations, Dickeya dianthicola had not been isolated from potatoes grown in North
America, suggesting a recent introduction (Czajkowski, 2011; Ge, et al., 2021). The emergence
of Dickeya dianthicola started an epidemic of PBSR in the Northeast, underpinning the need for
reliable disease phenotyping. In order to achieve repeatable, reliable disease resistance
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phenotyping in cultivated potato a three stage workflow was developed to: 1) identify type 1
Dickeya dianthicola isolates, a more aggressive and prominent group of bacteria; 2) conduct a
growth experiment and identify a model which describes Dickeya dianthicola isolate ME30’s
growth in culture for the creation of accurate and consistent inoculum concentrations; 3) identify
an optimal inoculum concentration for vacuum infiltration PBSR disease phenotyping.

2.2. Growth curve and phenotyping methods
Bacterial Strain. Dickeya dianthicola strain ME30 was obtained from the Hao Lab,
School of Food and Agriculture, University of Maine Orono. Bacterial stock was streaked on
tryptic soy agar (TSA) (Sigma-Aldrich, St. Louis, MO) and incubated at 28 ℃ for approximately
24 hrs. A single colony was transferred to 5 mL tryptic soy broth (TSB) starter (Sigma-Aldrich)
and incubated for approximately 15 hrs at 28℃ 180 RPM (New Brunswick Innova 43 Incubator
Shaker, New Brunswick, NJ, USA). Fifteen percent glycerol stock solution was prepared from
the 5mL TSB starter and stored at 4 ℃. Stock solution identity was confirmed through
polymerase chain reaction with the primers pelADE a Dickeya genus identifier (New England
Biolabs, Ipswich, MA) and TraC_4 a Dickeya dianthicola Type 1 identifier (New England
Biolabs, Ipswich, MA) (Table 1). PCR product visualized with gel electrophoresis using 2%
agarose gel.
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Table 1. Primers used for molecular identification of Dickeya dianthicola isolate ME30. Primer names, primer
sequence, and source of primer are listed below. (F) is the forward sequence while (R) is the reverse sequence.
pelADE is a Dickeya genus-specific primer and TraC_4 is a Dickeya dianthicola Type 1 marker. Table adapted from
Ge, Jiang, Johnson, et al., (2021).

Primer

Sequence

Source

pelADE

(Nassar et al., 1996)
F: GATCAGAAAGCCCGCAGCCAGAT
R:CTGTGGCCGATCAGGATGGTTTTGTCGTGC

TraC_4

F: ACGGCACGACAGTGATTT
R: AACTCGGCGATCAACTCTTC

(Ge, et al., 2021)

Growth Experiment. Stock Dickeya dianthicola ME30 was streaked onto TSA and
incubated for about 24 hrs at 28°C. A single colony was transferred from TSA to a 5 mL TSB
starter and incubated for approximately 15 hrs at 28°C and 180 RPM. 250 µL of starter was
transferred to 250 mL of TSB in a 500mL Erlenmeyer flask, and swirled, about 1mL of the new
solution was transferred to a cuvette for an optical density reading at 600 nm; consisting of three
technical replications to obtain an average optical density 600 nm (OD 600) using a
spectrophotometer (Molecular Devices SpectraMax Plus Microplate Reader, San Jose, CA). A
second 1 mL sample was obtained from the stock solution and transferred to a 9 mL test tube
with TSB and mixed, 1 mL was then transferred to the next 9 mL test tube and mixed, this
process was repeated ten times in a procedure known as serial dilution; the final dilution factor,
or product in the final test tube, was 10-10. The 250 mL culture was returned to the incubator at
set points; 28°C 180 RPM. Subsequently 100 µL of the 10 -2 ,10-4,10-6,10-8,10-10 test tubes were
transferred to their respective TSA petri dishes, one petri dish per dilution factor, and spread
evenly across the media. Petri dishes were incubated for 12 to 24 hrs before colony counting.
Multiple growth experiments were conducted, in the first experiment (experiment 1), data were
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collected every other hour, however, due to experimental error the first five timepoints were
discarded, and data collection was converted to hourly OD 600 readings starting eight hours poststarter transfer and ending at 12 hours post-starter transfer. The second growth experiment
(experiment 2) followed the same procedure, however, samples for optical density readings were
obtained hourly during a ten-hour period. Furthermore, three plates were created per dilution
factor creating technical replicates to improve colony count estimates.
Colony Counting. In experiment 1 dilution factors were plated on one petri dish per 10 -2
,10-4,10-6,10-8,10-10 dilutions per time point. Petri dishes were then incubated at 28°C for 12 to 24
hours. One plate was selected per time point to be counted. The plate which was selected had
visible colonies which had not yet coalesced (Figure 3).

Figure 3. Dickeya dianthicola ME30 colonies. Overnight growth from 100 µL of inoculum sample from a
10-4 dilution of Dickeya dianthicola ME30 plated on TSA. Single colonies counted as a single Colony
Forming Unit (CFU) appear as small white circles in the media and are circled in black.

The same procedure was followed for experiment two with slight modifications. The dilutions
factors which were plated in experiment two were: 10-4,10-6,10-8,10-10. This less than was plated
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in experiment one and was changed to conserve resources as the number of plates per dilution
factor was increased to three technical replicates, as each plate was plated from the same serial
diluted inoculum. The colony counts of the three plates per factor were averaged to obtain the
colony number for the respective time point.
In both experiments, the average colony forming units per milliliter was back calculated
using the equation:
CFU/mL = (# colonies counted/counted dilution factor) (plated dilution factor volume)
For example, if the dilution factor of 10-4 yielded a colony count of five colonies from a 100 µL
inoculum sample, the back calculated colony forming units per milliliter would be 5.3x105
CFU/mL, as calculated below:
CFU/mL=(5/104 )(0.100)
CFU/mL=5.3x105
The volume within the equation was recorded in milliliters to allow the final product to be
representative of the colonies found in one milliliter of inoculum at the time point the sample
was drawn from. Serial dilution allows the number of colonies found on the plate to be
visualized as individual units of replication in the stock solution; the high numbers of colonies
would not form individual units but rather a bacterial mat. This process allows a reasonable
estimate of colonies per milliliter obtained at the time point of sampling, along with recording
the optical density of the inoculum at the time of sample; these two measurements can be used
together to better understand the growth of the pathogen.
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Growth Curve Construction. Growth curves of the two experiments were constructed
from the optical density readings as well as the estimated colony counts per time point. Data
points in the early log phase of the bacteria's growth were isolated by visual inspection of the
OD600 vs. Time graph. The early log phase was targeted to better capture bacteria’s early growth
and obtain inoculum with large numbers of fecund bacteria. In theory, by targeting the early log
phase the bacteria would then be injected into tubers, allowing the most vigorous part of the
bacteria's growth to occur in the tuber.
Once the early log phase of the growth was determined, Rstudio version 4.1.2 was used
to create a linear regression model, this consisted of all time points on ME30 Optical Density
graph in figure 5, and timepoints two through eight in figure 7 (R Core Team, 2020). The
estimated colony counts calculated from the serial dilution procedure were plotted against the
optical density (OD600) of the inoculum, as the predictor variable or the independent variable.
The model assumptions of normality, homoscedasticity, and linearity were checked through the
diagnostic plots in RStudio, slight deviations were observed but the model fit the assumptions
reasonably well, and no transformations were required when observing the targeted dataset.
Plant Material: Potato cultivars Caribou Russet and Lamoka (2n = 4x = 48) were
obtained from the University of Maine Potato breeding program. Caribou Russet has shown a
degree of tolerance to PBSR while Lamoka was shown to be a very susceptible variety in a
separate research project conducted by the Hao Lab at the University of Maine, Orono. This
difference between the two cultivars in terms of PBSR tolerance was further explored in pilot
experiments prior to this research.
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Lamoka and Caribou Russet tubers were stored in a non-transparent paper bag at room
temperature for dormancy breaking. Viable tubers, with no external lesions, defects, or wounds
and eyes greater than 1cm in length were selected for use in this study. Selected tubers were
placed in mesh fruit protection bags to maintain identity and washed with deionized water.
Washed tubers were then submersed in a 1 percent sodium hypochlorite solution for 15 minutes
before being thoroughly rinsed with deionized water. Clean tubers were allowed to air dry before
use (about 12 to 24hrs).
Factorial Treatment Design: To identify the optimal concentration of Dickeya
dianthicola isolate ME30 to inoculate tubers via vacuum infiltration, a 2x3 factorial experiment
was designed using the linear regression model obtained from growth experiment 1 data.
Lamoka and Caribou Russet were used to test three different concentrations of inoculum, 2x10 6,
2x107, 2x108 CFU/ml. Four tubers of each cultivar were inoculated with each concentration,
totaling eight tubers per concentration. Four tubers of each cultivar were also inoculated with
sterile TSB as the negative control. The total number of tubers, including the negative controls,
was 32. The inoculum was created following the same procedures outlined in the growth
experiment. Once transferred to the 250mL vessel, the inoculum was allowed to incubate
uninterrupted for approximately 9hrs 28°C 180 RPM before an optical density reading was
obtained. The optical density reading was entered into the growth experiment 1 linear regression
model equation to obtain the estimated colony forming units per milliliter. Using this estimate
the inoculum was diluted to the given inoculation concentration of the experimental group, this
dilution occurred in the vacuum infiltration chamber. Post inoculation tubers were allowed to air
dry for 24 hours before being planted in greenhouse conditions. Tubers were planted in #1
nursery pots filled with about 2.5 L of Pro-Mix. Plants were fertilized with 6.5g to 6.7g
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Osmocote 14-14-14 and watered until saturated. Plants were grown for four weeks (28 days)
before being assessed for disease symptoms; watering occurred every other day post emergence
to run off.
Inoculation via Vacuum Infiltration. Cleaned, surface-disinfected tubers of Caribou
Russet and Lamoka which had eyes sprouting larger than 1cm were selected for vacuum
infiltration. Tubers were placed in mesh fruit bags and placed in the vacuum infiltration chamber.
The chamber was then filled with about 8 L of deionized water while accounting for the required
volume of inoculum needed to achieve the desired concentration. Inoculations proceeded from
lowest concentration to highest, the vacuum chamber was sanitized with 20 percent bleach and
thoroughly rinsed between each inoculation. The vacuum chamber was pressurized to -0.6 to -0.8
(-8.7 to -11.6 pounds per square inch) for 15 minutes, starting the timer once the pressure
reached -0.6 bar. Inoculation can be confirmed visually by looking for air bubbles escaping from
the tuber and rising to the surface of the inoculum mixture. After the 15-minute inoculation
period the pressure was slowly released from the vacuum chamber to avoid splashing of the
inoculum, as well as pulling the bacteria out of the tuber. Tubers were then removed and allowed
to drain briefly back into the chamber, before being transferred to a room temperature rack for
drying overnight before being planted.
PBSR Disease Response Variables. Three response variables were recorded to measure
the effects of the different concentrations of Dickeya dianthicola isolate ME30 on Caribou
Russet and Lamoka. Blackleg incidence and total stems were used to measure the “aboveground” tissue response of the plants. While soft rot presence and soft rot score were used to
assess the “soil” tissue or tubers. Blackleg incidence followed the equation:
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Blackleg Incidence = (# of Diseased Stems) / (Total # of Stems)
While the total number of stems was a count of the total stems regardless of disease symptoms.
Tuber soft rot presence was recorded and scored on an increasing severity 1-5 score. The ranking
system used is available in table 2.
Table 2. Soft rot score ranking criteria. Table of soft rot ranking descriptions and examples. Rank is on a 1-5
scale, with increasing severity.

Rank

1

Description

No rot Present

2
Minor rot
Up to 25%
maceration

3
Advanced
rank 2 up to
50%
maceration

4

5

Little exterior
firmness
greater than
50%
maceration

Complete
tuber
maceration,
no support or
firmness to
exterior

Example

Other notes were recorded throughout the experiment but were not used directly in the evaluation
of the disease inoculum concentration. These consisted of the date of emergence, and
subsequently how many days from planting this occurred, as well as average weekly growth of
those plants that did emerge.
Statistical Analysis: All statistical analyses were performed in Rstudio using R version
4.1.3 as well as the R package agricola (de Mendiburu, 2021; R Core Team, 2020). Agricola was
used for mean separation of the 2x3 Factorial through a Fisher's Protected Least Significant
Difference approach. ANOVA was used to assess the response variables. All data were checked
for normality and homoscedasticity of the variances and transformations were necessary.

29

2.3. Growth and disease phenotyping results
Identification of Dickeya dianthicola ME30: Dickeya dianthicola ME30 belongs to the
“Type I” clade of Dickeya dianthicola which can be identified via specific PCR primers (Ge, et
al., 2021; Nassar et al., 1996). Figure 4 is an image of a gel electrophoresis run of Dickeya
dianthicola ME30 PCR product amplified with the pelADE Dickeya spp. primer and the TraC_4
Dickeya dianthicola Type I specific primer, see table 1. The gel is loaded a 1Kb ladder in Well 1
and Dickeya dianthicola ME30 in well 3 and 5 and a negative control E. coli in well 2 and 4.
Dickeya positive samples will produce fragments about 420bp in length. These fragments were
observed in both Dickeya wells, confirming that the sample of Dickeya extracted from the
inoculum starter was a Type I isolate of the pathogen.

Figure 4. Dickeya dianthicola diagnostic gel electrophoresis using markers PelADE and TraC_4. Gel
electrophoresis of E. coli and Dickeya dianthicola DNA using two primer sets. The pelADE PCR for
identification of the Dickeya genus has the expected size of 420bp, while TraC_4 Dickeya dianthicola Type
I has the expected size of 418bp. DNA ladder is labeled with expected sizes.
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Growth Experiments. In experiment 1, the initial four optical density readings were
incorrect due to an incorrect wavelength setting. This resulted in the final five readings being
recorded hourly providing an accurate reading window between 8 to 14 hours post culture
inoculation. The growth curve in relation to optical density at 600 nm is summarized in Figure 5.

A

B

Figure 5. Experiment 1 Dickeya dianthicola growth curves. (A) Optical density of ME30 from 8hrs to
11hrs post culture inoculation or the early log phase growth in relation to the optical density (referred to as
average absorbance in graph). (B) ME30 Growth in Culture plots the estimated colony counts against time
from 8hrs to 11hrs post culture inoculation.

The linear regression model constructed from these early log-growth timepoints. The linear
regression model yielded the equation, CFU/mL = 7.310x1010 (OD600)-8.055x1010 which had an
R2 value of 0.879 and a p-value equal to 0.041. The model assumptions were checked via R
diagnostic plots; data fit reasonably well. Figure 6 illustrates the mathematical regression line
against the data set used to create the model.
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CFU/mL=7.310e10(OD)-8.055e09
R2 = 0.879
P-value: 0.041177

Figure 6. Experiment 1 Dickeya dianthicola best fit linear regression line between CFU/mL and
optical density for timepoints 8-11. Linear Regression fit from experiment 1 hours 8, 9, 10, and 11 postculture inoculation. Red line denotes the linear regression mathematical model estimated from the
eestimated colony forming unit per milliliter and the optical density of the inoculum at the given time point.

The growth experiment was replicated (Experiment 2) to improve the power of the linear
regression. Improving the power of the model was achieved by plating three replicates after
dilution, providing a more accurate estimated colony count at each time point for back
calculation. Furthermore, more time points were able to be included in the linear regression
model for Experiment 2. As a result of fewer technical errors and a more accurate estimate of
colony forming units per milliliter the linear regression model developed from the second
experiment was more significant than the previously developed linear regression model.
Experiment 2 was performed to improve the linear regression model due to the lack of accurate
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measurements during the first few hours of culture growth as the optical density wavelength was
incorrect. In the second growth experiment the initial two optical density readings appear to be
skewed due to high equipment operating temperatures. Efforts were made to mitigate heating and
readings returned to normal after that. The growth curve of the second experiment shows
logarithmic growth and closely follows the curves from the Experiment 1 at the specified
timepoints. For Experiment 2, the colony forming units have a much higher estimate in the
second experiment than Experiment 1 (see Figure 7). Data collected from Experiment 2 resulted
in a better linear regression model because the early log phase growth data points are present.
Experiment 2 accurately captures bacterial growth in terms of the optical density of the inoculum
from the third time point onwards allowing the linear regression model to be constructed from
the earlier growth data points The construction of the model around these time points also
resulted in a more significant relationship between the variables than observed in Experiment 1.
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B

A

Figure 7. Experiment 2 Dickeya dianthicola growth curves. (A) Graph shows the optical density plotted
against time for the duration of Experiment 2. (B) Plots showing the estimated colony counts of Experiment
2 against time.

Experiment 2’s linear regression model was constructed from the early log-phase growth of the
culture. This was identified to be from hour 2 to hour 8 post culture inoculation. The linear
regression model equation derived from Experiment 2 is CFU/mL = 6.625x1010 (OD600)6.223x108 which had an R2 value of 0.84 and a p-value equal to 0.002. The model assumptions
were checked with the R diagnostic plots, and data fit assumptions well. Figure 8 summarizes the
linear regression equation.
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Figure 8. Experiment 2 Dickeya dianthicola best fit linear regression line between CFU/mL and
optical density for timepoints 2-8. Linear regression fitness of Experiment 2 data from hour 2 to hour 8
post culture inoculation. The regression was based on relationship between estimated colony forming units
(CFU/mL) and average absorbance (optical density 600 nm). Linear model equation is summarized by the
red line on the graph.

2x3 Factorial. The optimal concentration for PBSR disease phenotyping has long been
elusive with varying concentrations among a variety of methods. Therefore, the optimal
concentration of bacterial cells to inoculate at which produces an informative disease response
for future quantitative trait loci discovery must be determined. Multiple disease response
variables were evaluated after the four-week growing period. The primary response variables
were the blackleg incidence, total number of stems, as well as the soft rot score. The blackleg
incidence and total number of stems evaluate the visible above ground tissue response of the
plant. Data were analyzed with an analysis of variance test (ANOVA) test, grouping
experimental units by cultivar and treatment. ANOVA analysis revealed significant treatment
effects (Table 3).
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Table 3. Analysis of variance table for blackleg incidence. Factor A, cultivar. Factor B, concentration group.
Evaluated at an alpha = 0.05

Source

DF

Sum Sq

Mean Sq

F-value

P

Factor A

1

1.109

1.1094

8.450

0.00737

Factor B

2

0.598

0.2989

0.2989

0.12271

AxB

2

0.337

0.1687

1.285

0.29367

Residuals

26

3.414

0.1313

Table 4. Analysis of variance table for total stem number. Factor A, cultivar. Factor B, concentration group.
Evaluated at an alpha = 0.05

Source

DF

Sum Sq

Mean Sq

F-value

P

Factor A

1

63.28

63.28

20.344

0.000122

Factor B

2

6.53

3.27

1.050

0.364362

AxB

2

8.03

4.02

1.291

0.292056

Residuals

26

80.87

3.11
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Blackleg incidence was low among Lamoka, and Caribou Russet groups inoculated with 2x106
CFU/mL and among Caribou Russet at 2x107 CFU/mL. Mean separation through Fisher's
Protected LSD approach revealed no statistically significant difference among Caribou Russet
treatment groups. While Lamoka groups were significantly different from each other and
Caribou Russet above 2x106 CFU/mL (see Figure 9).

Figure 9. Blackleg incidence response to inoculum concentration on Caribou Russet and Lamoka.
Boxplot of blackleg incidence of the two cultivars plotted with TSB control or ME30 inoculum
concentrations on the x-axis. Caribou Russet in orange dots and Lamoka in purple dots. Fishers Protected
Least Significant Difference groups appear on the plot; like letters are not significantly different, unlike
letters significantly different at alpha = 0.05.

The total number of stems produced by the plant over the four-week growing period were also
evaluated. Lamoka, a highly susceptible cultivar, produced significantly less stems than Caribou
Russet, see figure 10. There is a clear dosage response in terms of stem number observed for
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Lamoka. Caribou Russet treatment groups are not statistically different until the 2x108 CFU/mL
inoculum group. On the other hand, Lamoka becomes significantly different from the negative
control group above the 2x106 CFU/mL group, figure 10.

Figure 10. Total stem number response to inoculum concentration on Caribou Russet and Lamoka.
Boxplot of the total number of stems produced during the four-week growing period of the two cultivars
plotted with TSB control or ME30 inoculum concentrations on the x-axis. Caribou Russet in orange and
Lamoka in purple. Protected Least Significant Difference groups appear on the plot; like letters are not
significantly different, unlike letters significantly different at alpha = 0.05.
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The stem/leaf tissue disease trait difference between Lamoka and Caribou Russet was clearly
observable during the four-week growth period, and subsequently during data analysis. The
presence of soft rot of the mother tuber was incredibly high in all groups, including the negative
controls. The range of scores is much greater for all Caribou Russet groups when compared to
Lamoka, with mean rot within Caribou Russet groups scoring consistently lower than the means
of the Lamoka groups, despite this no groups are significantly different with the exception of the
2x108 CFU/mL Lamoka group vs. Lamoka control, Figure 11.

Figure 11. Mother tuber soft rot response to inoculum concentration on Caribou Russet and
Lamoka. Boxplot of the soft rot scores of mother tubers after the four-week growing period of the two
cultivars plotted with TSB control or ME30 inoculum concentrations on the x-axis. Caribou Russet in
orange and Lamoka in purple. Protected Least Significant Difference groups appear on the plot; like letters
are not significantly different, unlike letters significantly different at alpha = 0.05.
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2.4. Growth and disease phenotyping discussion
The ability to reliably phenotype for plant disease resistance is based on an understanding
of how the pathogen grows in culture, and what concentration to inoculate plants with to obtain
significant results in pathogen response phenotypes (Chavan & Smith, 2014). Reliably assessing
potato's response to PBSR causative agents has always been difficult, partly due to variable
disease incidence depending on environmental conditions, as well as a variety of inoculation
methods and procedures (Czajkowski, 2011). Until recently, incidence of PBSR in the North
American potato industry was low, with no isolations of Dickeya dianthicola in potato prior to
2014 (Ma et al., 2018; Toth et al., 2011). Among the isolated PBSR causative agents, Dickeya
dianthicola isolate ME30 and other similar Type I isolates were prominent disease-causing
agents across potato growing regions on eastern seaboard. Limited PBSR control measures led to
crop and economic loss underpinning the need for the development of a reliable resistance
screening (Ge et al., 2021; Ma et al., 2018). The primary steps in the development of a disease
resistance screening workflow are 1) the identification of the bacterial pathogen 2) development
of a reliable growth curve and subsequent linear regression model in which future inoculum
concentrations can be obtained from the model equation and 3) determining the optimal
concentration of inoculum to inoculate host plants at in order to experimentally validate
statistically significant differences in disease resistance.
The stock solution of Dickeya dianthicola ME30, used in this study was confirmed
through PCR amplification of published markers in Table 1 (Ge, et al., 2021; Nassar et al.,
1996). DNA isolated from ME30 samples bands of 418bp and 420bp with PelADE and TraC_4
primer sets as expected. Negative controls using E. coli DNA produced band of the expected size
for marker PelADE but did not produce a band for the Type I-specific primer set, TraC_4.
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Further experiments will be required to determine if a false positive result occurred using E. coli
DNA on PelADE marker.
The first growth curve experiment for Type I Dickeya dianthicola resulted in a shorter
data collection window (Experiment 1) than originally planned due to the error experienced in
the beginning of the experiment, forcing the later log growth phase time points to be used in the
analysis. The linear regression relationship between the estimated CFU/mL and OD 600 produced
a model which fit the data reasonably well with a high R 2. The second growth curve experiment
(Experiment 2) resulted in average colony counts that were greater than the counts produced for
Experiment 1. However, unlike the first experiment, most of the time points had reliable optical
density recordings at the correct wavelength. This enabled the use of early growth period time
points to be used in the linear regression model. The philosophy behind using the early log phase
data points in the linear regression model is that during this period, the bacterial cells are most
actively dividing, allowing an accurate estimate of the number of active bacterial cells. The use
of earlier growth time points allowed our Experiment 2 model to be predicted at a much lower pvalue than the initial model. Although the R 2 is slightly lower in the linear regression model
compared to Experiment 1 the lower p-value suggests that the correlation between optical
density and colony count obtained will be much more reliable. Observing variation is not
uncommon in growth experiments due to a variety of external factors that influence the growth
rate, even when controlled for (Hall et al., 2014).
Despite a revision to the initial linear regression model describing Dickeya dianthicola
growth in culture, the model from Experiment 1 proved to be a reasonable estimate of variable
concentrations as a clear dosage response was observed in the different concentration levels of
the 2 x 3 Factorial experiment. In this experiment we determined that the optimal concentration
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for PBSR disease phenotyping in Caribou Russet was 2x10 7 CFU/mL based on the disease
response from Lamoka (susceptible variety) and Caribou Russet to the varying bacterial dosages.
Caribou Russet was not significantly different at any inoculum load compared to the TSB control
for blackleg incidence, although some blackleg did develop. This is expected as Caribou Russet
is a highly tolerant PBSR cultivar. At 2x10 6 CFU/mL, Lamoka is not significantly different from
the TSB control. This result indicates that 2x10 6 CFU/mL may not be an appropriate inoculum
load to elicit reliable PBSR phenotypes. Likewise, the total number of stems also followed a
dosage response, with decreasing total stem numbers as initial inoculum concentration dosage
increases. Lamoka was also observed as being not statistically different from the negative control
at the 2x106 CFU/mL concentration for this experiment. At 2x10 8 CFU/mL, the total number of
stems from Caribou Russet is significantly different from the other dosages, suggesting that
2x108 CFU/mL might be too high an inoculum load for phenotyping experiments. Overall, soft
rot scores of mother tubers are high across all groups, including the negative controls. There are
no groups which are significantly different in an informative way, and Caribou Russet and
Lamoka are not significantly different even among dosage groups. This high level of soft rot
presence could be encouraged by water practices, as plants were watered to run-off every other
day there was likely a consistent water film present on the tuber creating an anaerobic
environment favorable to rot (Burton & Wigginton, 1970). The occurrence of such rampant rot
could also indicate that there is a difference among tuber tissue response and stem tissue
response among cultivars, a known phenomenon which has been discussed briefly throughout
the published literature (Lyon, 1989; Zimnoch-Guzowska et al., 2000b). The difference in
response of these tissues is oftentimes related back to the variations in the environmental
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conditions which these tissues are exposed to, however further research is required to support the
theory.
The optimal concentration in which to inoculate Lamoka and Caribou Russet with
Dickeya dianthicola ME30 is 2x107 CFU/mL for disease phenotyping experiments. At this
concentration, clear, significant differences in response between positive and negative controls
can be observed. This concentration will also not produce overwhelming disease responses, as
observed for Caribou Russet inoculated at 2x10 8 CFU/mL in regard to total stem number. The
equation which describes the relationship of optical density at 600 nm and CFU/mL to obtain
these concentrations in the 2x3 Factorial is explained by CFU/mL = 7.310x1010 (OD600)8.055x1010 , and despite this model providing enough accuracy to produce dosage responses a
more significant linear regression model was developed in Experiment 2. Describing Dickeya
dianthicola ME30 growth with the equation CFU/mL = 6.625x1010 (OD600)- 6.223x108 which
described less of the variability in terms of R 2 but is more significant and based on more data
points than the original model. It would be pertinent to experimentally compare these two for
disease phenotyping in the future.
The ability to reliably phenotype for disease resistance traits is the foundation of
resistance breeding, a scalable approach to disease management. For PBSR, disease phenotyping
has been taken to the wayside due to inaccuracy with field data, and other factors that confound
the results. The first step in managing PBSR through resistance breeding in understanding the
growth of causative agents in culture, and how to leverage that growth to produce reliable
inoculum concentrations for subsequent plant infections. Initial inoculum concentration is
another critical component which should be experimentally determined to insure uniform results
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across phenotyping efforts. Presented here is a disease phenotying workflow for Dickeya
dianthicola ME30, which enables future work to understand of PBSR in other potato cultivars,
and is fundamental to genetic work underway to understand resistance mechanisms for this
complex disease in potato (Chapter 3).
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CHAPTER 3
POTATO BLACKLEG AND SOFT ROT PHENOTYPING IN A PRIMARY DIHAPLOID
CARIBOU RUSSET POPULATION

Abstract of Chapter:
Plant disease phenotyping is an important step for genetic mapping experiments that
usually lead to the elucidation of quantitative trait loci (QTL) when performed using an
appropriate mapping population. In addition, disease phenotyping performed under greenhouse
or laboratory conditions can be significantly different than the results observed in the field,
which further complicates the choice of the phenotyping method. Inoculation methods used for
potato blackleg and soft rot (PBSR) screening may have differing outcomes depending on the
method, as observed throughout the literature. While many of the PBSR greenhouse phenotyping
results vary from field observations; inoculation via vacuum infiltration have been found to
correlate more closely with field observations. One of the goals of QTL mapping is the discovery
of useful chromosomal regions of interest which can aid in the development of DNA markers, or
to gain insight into an underlying gene or genes. In this chapter, we initiated a preliminary study
to identify the underlying genetic sources of resistance to PBSR using a group of primary
dihaploid Caribou Russet clones. These clones were inoculated with Dickeya dianthicola isolate
ME30 via vacuum infiltration and grown for four weeks under greenhouse conditions before
being assessed for disease symptoms. Due to the inability of some of the primary dihaploid lines
to tuberize, a group was also inoculated via stem injection, and grown for two weeks under
greenhouse conditions. Low levels of blackleg were observed in both assays, and stem injection
assays resulted in no significant difference among genotypes of primary dihaploids. Two primary
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dihaploid clones were identified as resistant to PBSR pathogen Dickeya dianthicola isolate
ME30. However, no significant QTL was detected when linkage mapping were performed. A
non-significant peak along chromosome 6 was observed in this study. Nonetheless, our results
appear to agree with previous research conducted by Zimnoch-Guzowska et al. (2000), which
found a significant QTL along chromosome 6.
3.1 Introduction.
The development of a potato varieties to resistant PBSR would offer growers a reliable
means of controlling the disease. In order to aid in the selection of a resistant or highly tolerant
variety, it would be helpful to develop molecular markers that can help the selection of resistant
genotypes. Currently, available varieties have not been marketed as being tolerant to PBSR, but
some have been screened and appear to exhibit tolerance to PBSR (Bain & Pérombelon, 1988;
Taylor et al., 2021). Caribou Russet, a variety released by the University of Maine potato
breeding program has been found to be highly tolerant of PBSR from recent research conducted
at the University of Maine (Ekbataniamiri, 2020; University of Maine System Board of Trustees
2015).
Potato cultivars in development are not typically screened for PBSR resistance because
other prevalent pathogens such as Late Blight (Phytophthora infestans) often take precedence for
most breeding programs. In addition, the task of phenotyping for PBSR tolerance can be difficult
due to the plethora of inoculation methods, choice of phytopathogen and disease response
variables (Bain & Pérombelon, 1988; Czajkowski, 2011). We focused on using vacuum
infiltration, where tubers are submerging seed tubers in a suspension containing bacterial
inoculum and exposing them to negative pressure (Bain & Pérombelon, 1988). The gasses found
within the intercellular spaces within the tuber are pulled out of the tuber as the vacuum builds,
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the negative space within the tubers created from the vacuum is flooded with bacterial inoculum.
This method leaves minimal damage to the tuber, as the tuber is not mechanically wounded for
inoculation, which is believed to mimic the natural infection by PBSR bacteria (Koppel, 1993).
PBSR bacteria are not able to forcefully enter the plant through the cuticle, and instead rely on
the natural openings such as lenticels to gain entry. By avoiding the mechanical damage of the
tuber during inoculation, bacterial pathogens are required to build up their populations to a large
enough density that will initiate the production pectinolytic enzymes which will allow them to
metabolize the constituents of the cell wall and release nutrients for further growth (Lyon, 1989;
Perombelon, 2002). When vacuum infiltration tolerance assays are compared to historic
Colorado seed potato data, it was found that the results correlate stronger to what is observed in
the field than inoculation with stem injection (Taylor et al., 2021). Therefore, the vacuum
infiltration methods provides a reliable assessment of tolerance due to the mimicked natural
infection.
Other factors may also contribute to the success of the PBSR pathogens to invade host
tissues (Hugouvieux-Cotte-Pattat, 2016). For this reason, inoculation by stem injection was also
performed as a means of assessing tolerance to PBSR (Taylor et al., 2021). The bacteria are
allowed direct entry to host tissue during stem injection, and the subsequent measurement of
lesions from the injection site confers other benefits when compared to vacuum infiltration. This
method does not require tuber material, which can be difficult to obtain from some of the
Caribou Russet primary dihaploids due to inbreeding from the haploid induction process. Stem
injection does bypass cellular barriers that could contribute to overall resistance, and if so, there
would be discrepancies in the data between the vacuum infiltration group and stem injection
group. If resistance is not dependent on structures that physically exclude the pathogen from
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internal structures, then results from stem injection should show less discrepancy when
compared to vacuum infiltration data.
Using vacuum infiltration and stem injection, a population of primary dihaploid Caribou
Russet was screened for the resistance phenotype (Ekbataniamiri, 2020). The germplasm which
is identified as resistant will then be used to for linkage mapping to identify QTL which are
linked to the resistant phenotype. This will be the first step in the dissection of the
resistant/highly tolerant phenotype which is observed in Caribou Russet.
3.2 Methods.
Plant Material Production. Tetraploid Caribou Russet was obtained from the University
of Maine potato breeding program for use in haploid induction crosses. During the winter
greenhouse season of 2019-2020, clones of Caribou Russet were used as the female recipient of
IVP48 pollen, a Solanum tuberosum Group Andigena. After the fruit set, seeds were allowed to
mature before extraction. Seeds were extracted by pulping the berry and then filtered with a
metal strainer to separate the seeds from the pulp mixture. The freshly extracted seeds were
rinsed and set to air dry overnight.
After seed extraction, the putative primary dihaploids are separated from hybrid seed by
means of a dominant anthocyanin pigment spot found on the seed, which is inherited from IVP48
parent. The presence of the dominant pigment spot indicates a successful hybridization between
Caribou Russet and IVP48. Seeds with the dominant anthocyanin marker are counted and
removed. Leaving only the non-spotted seed to be planted which are expected to be primary
dihaploids. However, because primary dihaploids which are aneuploids can be derived from this
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cross, further genotyping using a SNP array was performed on the putative dihaploid population
(Amundson et al., 2020).
Seeds from the putative dihaploid pool are planted in-vitro before being transplanted into
75 cell flats. Plantlets are grown for a period of about two weeks. Once plants have transitioned
to strong vegetative growth, the abaxial leaf epidermis is peeled away from the mesophyllic
layer; to isolate the plastid cells found in the guard cells of the stoma. These plastid cells are then
counted, and the average number of plastids present can be linked to the sample plants ploidy
(Sax, 1938). Plants with an average plastid count of 16 per guard cell pair or more were
discarded. Occasional higher ploidy plants will have average plastid counts around 16 and may
be included therefore ploidy confirmation of the narrowed down putative primary dihaploid pool
are confirmed though single nucleotide polymorphism (SNP) genotyping on the Illumina SNP
CHiP. Samples that are found to be non-diploid are discarded.
To propagate tubers from the confirmed primary dihaploid population, plantlets started
from in vitro cuttings or mini-tubers were planted in #1 nursery pots and fertilized with 6.5g to
6.7g Osmocote. Plants were then grown under greenhouse conditions for the growing cycle of
the plant (about 120 days) to harvest the tubers for storage, further propagation, and experiments.
Plants were watered when needed, every other day to every three days. Tubers collected from
these plants were phenotyped for tuber quality prior to being placed in storage at 4 ºC.
Bacterial Isolates. The isolate of Dickeya dianthicola used in this chapter was the same
as the isolate used in Chapter 1 of this work, Dickeya dianthicola isolate ME30. Dickeya
dianthicola ME30 was obtained from a pure culture created from the PCR identified bacteria.
Bacteria were streaked onto tryptic soy agar (TSA) plates and incubated, at 28 ºC for about 24
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hours. A single colony was then transferred from the TSA plate to a 5mL starter culture of TSB
media and incubated, at 28 ºC and 180 RPM about 15 hours. The starter was then transferred to
250 mL TSB and incubated 28 ºC and 180 RPM for 9 hours. At which point the optical density
of the culture was taken, and the first linear regression equation was used to estimate the colony
forming units per milliliter, CFU/mL = 7.310x10 (OD600)-8.055x10 .
Vacuum Infiltration Experiment. Tubers of primary dihaploid Caribou Russet, and
tetraploid Lamoka and Caribou Russet were selected for inoculation by vacuum infiltration based
on their visual appearance. Selection criteria for tubers were the absence of lesions/rot spots, as
well as the presence of sprouts which were about 1 cm but less than 5 cm in length. Each
genotype studied had a minimum replication number of three tubers, while some genotypes were
evaluated with four replicates. The differences in replicate numbers were largely due to the poor
tuberisation of some genotypes resulting in sub-optimal tubers. Some genotypes were not
included in disease resistance assay. The total number of genotypes present in the vacuum
infiltration experiment was 15.
Once selected tubers were rinsed in deionized water to remove dirt, before being placed
into mesh fruit bags and submerged in a one percent sodium hypochlorite for 15 minutes. After
the 15-minute surface disinfection, tubers were thoroughly washed, through the mesh fruit bag,
with deionized water. Clean tubers were placed in a fume hood and allowed to dry completely
before use in the vacuum chamber.
Dickeya dianthicola ME30 inoculum was prepared as described in the bacterial isolate
section. The colony forming units per milliliter were estimated from three technical replicates of
optical densities at 600 nm. Tubers were placed into the vacuum chamber and complete
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submergence of the tuber was ensured. The chamber was then filled with 5,955mL deionized
water to account for the 45 mL of inoculum at OD600 = 0.159 needed to adjust the final
concentration of the vacuum infiltration chamber inoculum to 2x10 7 CFU/mL.
Once the interior inoculum concentration had been adjusted vacuum infiltration proceeds
by creating a negative pressure between -0.6 and -0.8 bars (-8.7 to -11.6 pounds per square inch)
in the chamber and applying this pressure for 15 minutes. Small gas bubbles can be observed
through the lid of the chamber exiting the tubers, with the philosophy that the empty air space is
then flooded with bacterial inoculum. At the end of the 15-minute cycle pressure is slowly
allowed back into the chamber over a five-minute period, to ensure that the bacteria present are
not extracted from the tubers. Tubers were then removed and allowed to air dry overnight before
being planted.
The inoculated tubers were planted in #1 nursery pots and fertilized with 6.5 to 6.7 grams
of Osmocote Plus. Plants were planted in a modified complete block design, blocked by a
treatment of either sterile TSB or inoculation with Dickeya dianthicola isolate ME30. Blocking
by inoculation treatment was performed due to high levels of disease in sterile controls during
pilot experiments, postulated to have been cross contaminated during watering. The plants were
then grown for 4 weeks (28 days) before being evaluated for disease symptoms. Response
variables included: blackleg incidence; the proportion of diseased stems to total stems per
experimental unit, Total Number of stems; the total number of stems produced including
diseased stems per experimental unit, and soft rot score; a ranked 1-5 score with increasing rot
severity, see Table 2 Chapter 1.

51

Stem Injection Experiment. Plantlets of primary dihaploid Caribou Russet were
propagated from in-vitro stocks. Freshly propagated plantlets were transferred to six-cell flat
inserts and grown under LED lights for approximately 5 weeks before being used in the stem
injection experiment. Two tetraploid Lamoka tubers were also planted in #1 nursery pots used as
positive and negative controls. Plants were fertilized with 100 ppm of nitrogen weekly. Plants
were allowed to grow to about 15 to 20 centimeters, and stems were inspected to ensure that
stem injection could be performed without breaking the stem or poking through the stem.
Bacterial inoculum was prepared as previously described. Optical density readings were
taken with three technical replicates to estimate Dickeya dianthicola isolate ME30 colony
forming units per milliliter. The OD600 of the inoculum was 0.172, the inoculum was diluted with
sterile TSB to a final inoculum concentration of 2x10 7 CFU/mL and loaded into 10mL sterile
syringes.
Plantlets were moved to the greenhouse about one day prior to the start of the experiment
to reduce the shock experienced by the plant during its transition to full sun conditions from
artificial light. Each genotype was replicated three times for inoculation with Dickeya
dianthicola isolate ME30. All genotypes had a minimum of one sterile TSB control, largely
based on the number of plantlets that survived the propagation process from tissue culture stocks.
The primary controls for this experiment were tetraploid Lamoka, with three stems inoculated
with sterile TSB and Dickeya dianthicola isolate ME30 respectively. The total number of
genotypes present in the stem injection experiment was 12.
About 0.2 mL of inoculum or sterile TSB was injected into the appropriate genotype.
Plants were blocked by genotype and blocks were randomized on the greenhouse bench. The
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basal stem of the plant, about 2-3cm above the soil line, was targeted for injection. Once injected
wounds were covered with micropore tape to prevent desiccation of the inoculum and plants.
Plantlets were watered daily due to the size of the planting container and grown under
greenhouse conditions for two weeks or 14 days. After the two-week growing period stems were
longitudinally dissected starting at the inoculation point and proceeding up the entire stem. The
distance that the rot traveled up the stem was recorded if rot was present.
Genotyping and Haplotype Construction. The primary dihaploids present in both
experiments were genotyped by Neogen using the Infinium V4 Single Nucleotide Polymorphism
(SNP) array which utilizes Illumina’s technology to assign intensity values to bi-allelic SNPs.
Intensity ratios and genotype calling was performed through the R package PolybreedR
(Endelman et al., 2017). Haplotype construction was then performed through the program
PolyOrigin, which is written in Julia version 1.6.5 (Zhang et al., 2022). During haplotype
reconstruction, the primary dihaploids were treated as a selfed population, assigning the male
and female parent as tetraploid Caribou Russet.
Quantitative Trait Loci Discovery. The R program diaQTL was used for the discovery of
QTL(s). The program used the linkage map output from the haplotype reconstruction as well as
the phenotypic data collected from both the vacuum infiltration and stem injection experiments.
These two experiments were treated independently for QTL mapping due to the variation in
responses between the experiments and the plant tissues. Genotypes were considered to be
tolerant of the disease if they were not significantly different from the Caribou Russet controls in
terms of blackleg incidence. This was supplemented by the total number of stems present, due to
low emergence of negative controls, genotypes were considered resistant if they were
significantly different from the inoculated control Lamoka. Genotypes which were significantly
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different for one of the response variables but not the other were not considered to be resistant to
PBSR. QTLs were considered significant when the Bayesian credible interval (CI) is above 90%.
Statistical Analysis. All statistical analyses were performed in RStudio version 1.4.1 (R
Core Team, 2020). While the package Agricola was used to perform mean separation using
Fisher’s Protected Least Significant Difference. QTL discovery used the R package diaQTL
which implements a Bayesian Markov Chain Monte Carlo sampling method (Amadeu et at.,
2021). Haplotypes were reconstructed for use in diaQTL using the Julia workflow of polyOrigin
(Endelman et al., 2017).
3.3 Results
Screening of the Caribou Russet primary dihaploid population. A population of
Caribou primary dihaploids, from here on referenced by “ME03- '' prefix followed by the
respective clone numbers, were genotyped using the Infinium v4 SolCap array. The current state
of genotyped ME03 appears in Figure 12. Primary dihaploids will have very few markers in the
simplex (1) and triplex (3) configuration (a characteristic of tetrasomic inheritance) as they are
diploids. Therefore, the chromosome dosage bars represented in Figure 12 for dosages of 1 and 3
are expected to be minimal. Aneuploids, triploids and tetraploid chromosomes will have a high
proportion of markers in the 1 or 3 configurations. Tetraploid Caribou Russet and diploid IVP48
appear in Figure 12 as controls. So far, 45 ME03 clones have been confirmed as euploid primary
dihaploids. However, not every line has the ability to produce tubers while some lines are able to
produce tubers, but these tubers are inadequate for resistance assays as they are too small or
contain exterior lesions/defects, possibly confounding experimental results. Combined with the
poor availability of primary dihaploid tubers in 2022, the total number of ME03 individuals used
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for the vacuum infiltration experiment was 16 while the stem injection assay was performed on a

total of 13 individuals. Some of these individuals were present in both assays.
Figure 12. Dosage analysis of the ME03 primary dihaploid population. The proportion of SNP markers
that exhibit dosages of 1 or 3 for each chromosome is plotted in this graph for each individual labeled on
the x-axis. In addition to ME03 primary dihaploids, IVP48 (diploid control) and Caribou Russet (tetraploid
control) are also represented in the plot with the expected chromosomal dosages. All ME03 individuals are
diploids except for ME03_0145 and ME03_170 being aneuploids, ME03_194, ME03_250 and ME03_244
being triploids, ME03_0076 and ME03_0079 being tetraploids. This graph was developed from genotypic
data using the R package polybreedR (Endelman et al., 2017).

3.3.1 Vacuum Infiltration Results.
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The first phenotyping assay used to evaluate members of the ME03 population for PBSR
resistance was vacuum infiltration due to the correlation field resistance data (Taylor et al.,
2021). Genotypes were considered resistant when they were found to be significantly different
from the inoculated Lamoka controls due to the low emergence observed in tetraploid Caribou
Russet in this experiment. This is attributed to using Caribou Russet seed tubers that had not yet
fully broken dormancy. Furthermore, genotypes which were called resistant had to be
significantly different from the inoculated Lamoka group in the total number of stems response

variables as well as show a significant difference compared to other genotypes. Genotypes which
only fit one of these metrics were not considered resistant. Of the 16 screened genotypes, two
were found to be resistant: ME03-0139 and ME03-0234. In the Blackleg Incidence graph (Figure
13) ME03-0139 has zero blackleg incidence while ME03–0234
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Figure 13. Primary dihaploid blackleg incidence from vacuum infiltration phenotyping experiment.
Blackleg Incidence from 15 ME03 individuals, Lamoka and Caribou Russet. Letter groupings represent
mean separation with Fisher’s Least Significant Difference where like letters are not significantly different,
unlike letters are significantly different at an alpha = 0.05.

has very low blackleg incidence. These two genotypes are significantly different from the
inoculated control Lamoka. Genotype ME03-0203 was not considered resistant because of its
grouping with other individuals with high levels of rot. In the total number of stems plot (Figure
14) the genotype with the greatest number of stems is ME03-0234 indicating that this genotype
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Figure 14. Primary dihaploid total number of stems from vacuum infiltration phenotyping
experiment. Total number of stems from 15 ME03 individuals, Lamoka and Caribou Russet. Mean
Separation performed through Fisher's Least Significant Difference where unlike letters are significant at
alpha = 0.05.
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is highly tolerant of PBSR in terms of the stem response variables measured for PBSR resistance.
ME03-0226 also groups with ME03-0234 when considering blackleg incidence, but its total stem
number is much more variable as well as experiencing a higher amount of blackleg incidence.
ME03-0139 has a lower mean number of stems and does not share a group with ME03-0234
however all of the ME03-0139 plants produced stems. Despite grouping with ME03-0226,
ME03-0139 was selected as resistant because of the significant low level blackleg incidence

Figure 15. Primary dihaploid mother tuber soft rot score from vacuum infiltration phenotyping
experiment. Boxplot of Soft Rot Score distributions from 15 ME03 individuals, Lamoka and Caribou
Russet is plotted here. Soft rot score based on rankings found in Table 1. No significant difference detected
by ANOVA.
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observed in Figure 13 as well as the low variability in its stem numbers in Figure 14. Despite
significant differences in the stem tissue response variables, the tuber response variable tells a
different narrative. There were no significant differences in tuber soft rot score, which was also
observed in the experiment conducted in Chapter two (Figure 15). The ME03 primary dihaploids
displayed a range of responses to soft rot but no genotype experienced a mean rot score below
two (Figure 15). Notably, genotype ME03-0138 stands out as having a mean Soft Rot Score of
2. No significant effects were found in the ANOVA, therefore mean separation was not
performed. High levels of rot were also observed in the uninoculated control tubers which was
also observed in the factorial experiment performed in Chapter Two. Watering practices were
kept the same between these two experiments, further the control tubers used for the primary
dihaploids did not emerge. This is likely due to the presence of few eyes, and the tuber still being
in a dormant state. Planting a tuber not yet ready to grow can result in seed piece decay
combined with the water film being actively present. Methods of breaking tuber dormancy
should be utilized in the future to increase availability of primary dihaploid and tetraploid tubers
as well as ensuring all tubers are at the correct stage of growth for inoculation via vacuum
infiltration for uniform, consistent, and repeatable results.
3.3.2 Stem Injection Results.
Inoculation by stem injection was performed due to the ease of the technique, and the
ability to propagate genotypes quickly from in vitro stocks for use in stem injection assays. A
total of 13 individuals were selected for stem injection, plus a negative and positive Lamoka
control. The distance the rot spot traveled was used as the response variable. Most of the ME03
clones experienced very little rot spot presence, and those which did have a rot spot, did not
differ significantly from each other (Figure 16). Genotype ME03-0139 does produce a rot spot
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despite no visual blackleg symptoms being detected in the vacuum infiltration experiment but is
not significantly different than the Lamoka control. Genotype ME03-0234 did not produce a rot
spot, further indicating its status as highly tolerant or resistant to Dickeya dianthicola isolate
ME30. Based on ANOVA, all primary dihaploid Caribou Russet are not different from the
negative Lamoka control, while the inoculated Lamoka control is significantly different. The
results obtained from the stem injection experiment are different from those obtained from the
vacuum infiltration method.

Figure 16. Stem rot spot travel distance from stem injection phenotyping experiment. Boxplot of stem
rot spot travel distance from 13 ME03 primary dihaploids and Lamoka. Mean Separation groupings appear
at the top of the boxplot determined by Fisher’s Least Significant Difference, like letters are not
significantly different, unlike letters are significantly different at alpha = 0.05.
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Ultimately, the vacuum infiltration experiment revealed a greater variation in response to PBSR
than that obtained from the stem injection experiment. This result is not unexpected as stem
injection has been reported to be less powerful compared to vacuum infiltration in its ability to
assess PBSR resistance (Taylor et al., 2021). Some individuals which developed rot symptoms
also developed a lignified area around the rot, particularly when compared to the control
Lamoka, Figure 17. QTL analysis with the stem injection data was not carried out because of the
lack of statistically significant differences among genotypes.

Figure 17. Example of stem lesions to stem injection. Two primary dihaploid individuals injected with
2x107CFU/mL Dickeya dianthicola ME30 via stem injection are pictured here. Left: Lamoka positive
control, rot extend up the entire stem of plant. Center: Primary Dihaploid ME03-0139 note the presence of
rot that has traveled approximately 2.5 to 3 cm up the stem from the injection site. Right: Primary dihaploid
ME03-0122 showing a lignified wound at the injection site with no stem rot presence.
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3.2.3 QTL Mapping Using diaQTL.
Using the phenotyping data obtained from the vacuum infiltration experiment, we were
able to identify the resistant genotypes to perform linkage mapping for quantitative trait locus
(QTL) analysis using the R package diaQTL (Amadeu et al., 2021). Of the 15 genotypes present
in the vacuum infiltration experiment only 11 of the genotypes had genotypic data available for
QTL discovery. Figure 18 shows the Deviance Information Criteria chart for a QTL model along
the twelve potato chromosomes after QTL mapping.

Figure 18. QTL plot of primary dihaploid DIC for a QTL model for PBSR resistance. Red line
indicates significance at alpha = 0.05 while the yellow dashed line indicates significance at 0.01. Note the
peak along chromosome 6.
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No significant peak is observed (Figure 18). This is likely a result of the limited number of
genotypes with available SNP calls which reduced the overall sample size of the vacuum
infiltration experiment to just eleven individuals. Ideally, the population would have consisted of
at least 30 individuals. Figure 16 does show a peak along chromosome 6, on the same
chromosome containing a QTL for PBSR resistance from a mapping population derived from
Solanum chacoense (Zimnoch-Guzowska et al., 2000).
3.4. QTL analysis discussion
Work by others have identified QTLs and sources for resistance to PBSR in wild relatives
of cultivated potato, such as Solanum chacoense and Solanum microdontum (Chung et al., 2017;
Lebecka, 2020; Ma et al., 2022; Zimnoch-Guzowska et al., 2000b). This work builds on a
previous work at the University of Maine which identified Caribou Russet as highly tolerant
PBSR (Ekbataniamiri, 2020). These results were further investigated in this work, using
phenotyping methods described in Chapter 2 that aims to identify the genetic source of resistance
in Caribou Russet. We were able to leverage a primary dihaploid Caribou Russet population to
screen for resistance QTLs. Primary dihaploid populations aid in genetic studies, such as QTL
discovery, by reducing the size of the potato genome, and thus the complexity of the genome. In
primary dihaploid population loci segregate with fewer possible combinations which make
linking the phenotype to the genotype of the trait easier (Jansky et al., 2016). In this work the
disomic inheritance conditions created by the haploid induction cross is used to elucidate QTL
for the PBSR resistance phenotype observed in tetraploid Caribou Russet.
Through two types of inoculation methods, Caribou Russet primary dihaploids were
assayed for resistance to PBSR causative agent Dickeya dianthicola ME30. The vacuum
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infiltration experiment revealed variation among ME03 individuals to Dickeya dianthicola ME30
under the experimental conditions. Only two genotypes were identified as being highly tolerant
in the screening pool of 15 ME03 lines: ME03-0139 and ME03-0234. Phenotyping for the
resistance trait remains challenging PBSR pathogen varied among Caribou Russet primary
dihaploids. The variation in response is not uncommon in phenotyping for PBSR resistance
(Lyon, 1989). The control tubers which were planted in the vacuum infiltration experiment had
not yet broken dormancy, which also made the analysis incomplete. Part of the issue are
treatment tubers making up the controls were from an earlier multiplication, and thus had broken
dormancy and are at a different stage of development. There was no significant difference
observed for the soft rot score, which could be due to the watering practices encouraging the
formation of a water film and anaerobic rot (Burton & Wigginton, 1970). A means of breaking
tuber dormancy to ensure all tubers are at a physiologically consistent stage could improve
experimental results, as well as using sterile soil and water and the overall improvement of
Primary dihaploid minituber production. There was an observable difference between stem and
tuber tissue response to PBSR. Stem symptoms of PBSR were not widely reported in the
plantlets that emerged from the vacuum infiltration experiment, although some plantlets did
suffer severely from blackleg incidence (Figure 13). Compared to the stem injection data, very
few Caribou Russet primary dihaploids developed significant rot symptoms. Those that did
develop rot, did not have rot that was statistically different from those with no rot (Figure 16).
The tolerance to the development of stem symptoms in some genotypes is contrasted by the
degree of soft rot observed among primary dihaploids, with most genotypes scoring above a two
mean rot score (Figure 15). The difference in response between stem tissue and tuber tissue is
clearly demonstrated and has been noted in the literature (Zimnoch-Guzowska et al., 2000). The
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difference is often attributed to the different environmental conditions encountered by these
tissues, but there could also be the presence of structures which restrict the bacteria's ability to
move from the mother tuber into the vasculature of the plant (Perombelon, 2002). In some plants
which recovered from the stem injection experiment, the injection site had become lignified.
Accumulation of lignin has been reported as a response to infection by PBSR in the M6 clone
tubers. This response is postulated to limit the ability of the bacteria to spread (Chung et al.,
2017). Furthermore, the presence of specialized structures within the vascular system of the
plant, such as tyloses, have been described as an immune response restricted bacterial pathogen
movement into, and throughout the vascular system (Kashyap et al., 2020). Although not
examined in the current study, the underlying means of resistance to this class of pathogenic
phytobacteria would be an interesting pathway to study. So far, physical means of exclusion and
metabolites interfering with the bacteria’s quorum sensing ability have been implicated in
resistance (Chung et al., 2017; Joshi et al., 2021). Regardless of the mechanism of resistance,
research with interspecific crosses that contain resistance to PBSR indicate that resistance is a
highly heritable trait (Lebecka & Zimnoch-Guzowska, 2004).
In the multi-factorial experiment conducted in Chapter Two, clear differences in response
to PBSR pathogen Dickeya dianthicola ME30 were observed between Lamoka and Caribou
Russet. Phenotyping assay conducted in this chapter also indicated clear differences among
ME03 primary dihaploids and Lamoka. These results corroborates a genetic component that
explain Caribou Russet’s tolerance to PBSR, especially in the segregating ME03 primary
dihaploid population (Ekbataniamiri, 2020). The differences in responses to PBSR in the ME03
population suggest a genetic component could be responsible for the displayed phenotypes.
Largely indicated by the clear difference between tetraploid Caribou Russet and Lamoka.
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Differences among primary dihaploids can be attribute to the combination of haplotypes
inherited from Caribou Russet. Among primary dihaploids, more disease symptoms were
observed than resistant individuals, which indicates that the resistance phenotype to PBSR is
likely polygenic. Individuals did appear resistant or highly tolerant to PBSR and it should
therefore be possible to map underlying quantitative trait loci for PBSR resistance in the ME03
population.
QTL discovery using the phenotypic data obtained from the phenotyping assays using
ME03 showed no significant QTL peaks. This result is likely due to the small sample size
included in this analysis. Generally speaking, a larger sample size leads to more power during
the QTL mapping (Hu & Xu, 2008). Despite the lack of statistical significance, there is a peak
along chromosome 6. In a separate QTL mapping experiment performed by Zimnoch-Guzowska
et al. (2000) using a population derived from Solanum chacoense, a reproducible QTL was
discovered along chromosome 6. This region was also examined in tomato and was found to be
associated with a number of disease resistance traits (Zimnoch-Guzowska et al., 2000). In the
future as sample size increases for ME03, and with better phenotypic data from refinement of the
vacuum infiltration procedure, we expect to be able to perform the QTL mapping using the
procedures piloted in this study. This research demonstrated that a degree of tolerance to Dickeya
dianthicola isolate ME30 is present in the Caribou Russet gene pool and warrants further
investigation into the underlying source of this resistance within the Caribou Russet genome. The
elucidation of PBSR quantitative trait loci would be the first step in the identification of potential
markers which could one day be used to breed for PBSR resistance and offer growers a means of
actively managing PBSR through resistant germplasm.
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